Introduction {#Sec1}
============

Lead is a nonessential metal; however, it is easily absorbed into the body through ingestion or inhalation and undergoes bioaccumulation. Due to its environmental ubiquity, especially as a result of anthropogenic contaminants, the risk of exposure to the effects of lead is very high (Has-Schön et al. [@CR20]; Ebrahimi and Taherianfard [@CR15]; Yi and Zhang [@CR71]; Mahalakshmi et al. [@CR37]). The negative impact of lead on reproductive function was demonstrated in many studies with mammals (Al-Saleh et al. [@CR3]; Iavicoli et al. [@CR24], [@CR25]; Ronis et al. [@CR50]; Taupeau et al. [@CR63]; Vyskocil et al. [@CR66]). Lead can easily penetrate cell membranes and cross the blood--brain barrier. It is a known endocrine-disrupting chemical in mammals and is believed to produce this effect through the hypothalamic--pituitary axis (Lucchi et al. [@CR34]). Iavicoli et al. ([@CR25]) observed that in successive generations of mice exposed to different doses of lead, the onset of sexual maturity depended on blood lead concentration, being delayed by 20--30 % with elevated concentration and shorter with decreasing concentration.

Surface waters and their inhabitants are particularly vulnerable to contaminants from effluents, soil contaminants from surface runoff, and contaminants from atmospheric precipitation. During a long-term exposure to low doses of metals, fish may show no noticeable reaction in terms of growth or survival parameters, but chronic contamination may adversely affect their reproductive organs, leading to reduced reproductive parameters and disappearance of the population (Kime [@CR31]). There exist some data confirming that the chronic exposure to steroid hormone mimics may impair reproductive function and critically assesses the weight of evidence for endocrine disruption in wildlife (Sumpter and Jobling [@CR60]). Kidd et al. ([@CR30]) observed that a chronic exposure of fathead minnow (*Pimephales promelas*) to low concentrations of the potent 17α-ethynylestradiol led to feminization of males and ultimately caused a near extinction of this species from the lake. In this context, studies are performed to determine the negative impact of nonessential metals, including cadmium, mercury, or lead, on the reproductive function in fish. Chronic exposure to cadmium influences reproductive disruption in fish, inhibiting induction of vitellogenin (Olsson et al. [@CR39]), delaying oogenesis in brown trout (Brown et al. [@CR8]) enhancing luteinizing hormone (LH) secretion, and decreasing parameters of gonadosomatic index (GSI) and ovulation in Prussian carp (Szczerbik et al. [@CR62]). Also, deleterious effects of mercury on gonad's growth, fish spawning, and egg production and development, fertilization, and hatching were observed (Birge et al. [@CR5]; Snarski and Olson [@CR56]; Ram and Sathyanesan [@CR48]; Ram and Joy [@CR47]; Kirubagaran and Joy [@CR32]; Crump and Trudeau [@CR12]). The toxic effect of lead on gametes was shown in studies with both male and female animals (Goyer [@CR19]). Ruby et al. ([@CR52]) reported decreased transformation of spermatogonia to spermatocytes in sexually maturing rainbow trout following exposure to low levels of waterborne lead. Weber ([@CR67]) observed that multiple effects on reproductive behavior and overall reproductive success in adult fathead minnows, where lead suppressed spermatocyte production and retarded ovarian development, decreased the number of eggs oviposited, increased interspawn periods, and suppressed embryo development. Thomas ([@CR64]) reported the decreases in estradiol levels in female Atlantic croaker following exposure to dietary lead. Khan ([@CR29]) demonstrated that lead and Aroclor 1254 significantly decreased LH levels in Atlantic croaker in response to stimulation by an LHRH analog in vivo and reduced gonadal growth when administered at a dose of 15 mg/kg body weight for 30 days.

Considering that lead can penetrate into the brain and influence the maturation and reproductive processes, this study was undertaken to determine if long-term exposure of juvenile fish to dietary lead for 12 months will affect gonadal maturation, vitellogenesis, and spontaneous LH secretion, as well as reproductive processes, when studying the response of females to the hormonal stimulation of ovulation.

An additional objective was to investigate the effect of further exposure to lead at different doses on gonadal recovery before the next spawning period and LH secretion after 24 months of exposure.

In order to examine whether the consequences of 12-month lead exposure are reversible, in some of the fish, the exposure was terminated and for the next 12 months, they were subjected to depuration and received control feed.

A further objective of this study was to examine the process of lead bioaccumulation in the ovaries during 24 months of exposure as well as changes in lead concentration during the 12-month depuration period.

The Prussian carp was chosen as an experimental model due to its low sensitivity and high resistance to adverse environmental conditions. The Prussian carp is an important subject for model experiments involving heavy metals, biomonitoring, and industrial and amateur fishing (Syasina et al. [@CR61]). This species is widely distributed in Europe, Siberia, and Asia, and in the eastern regions, it is represented by bisexual populations, with single monosex polyploid populations (Fan and Liu [@CR16]). Most European populations are monosex populations, living as triploid females that reproduce gynogenetically (Boroń et al. [@CR7]), and such a population was chosen for this study. Diploid and triploid individuals of Prussian carp spawn in batches, and they have an asynchronous ovary, which contains oocytes in all developmental stages (Boroń et al. [@CR7]).

The dietary lead levels to which Prussian carp was exposed in the present experiment were based on the reported concentrations of this metal in benthic organisms that are the Prussian carp's natural food, which may range from 0 to as much as 792 μg Pb g^−1^ dry weight (dw) (Hodson et al. [@CR21]; Woodward et al. [@CR70]). Given that the study was aimed to show the effect of long-term exposure (the normal level of lead in invertebrates in an unpolluted environment should not exceed 1 μg g^−1^ (Farag et al. [@CR17]), we chose concentrations simulating the average degree of environmental contamination (8, 13, 24, and 49 mg kg^−1^) to find out if their constant presence in fish diets will significantly affect some reproductive parameters as well as the bioaccumulation and subsequent elimination of lead from Prussian carp gonads.

Materials and methods {#Sec2}
=====================

Fish {#Sec3}
----

Four hundred forty female Prussian carps *Carassius gibelio* B. originating from "Górki" Fish Farm in Wiślica, Poland, were used in the study. Fish were stocked in 14 300-l aquaria (30 fish per aquarium) in water supplied from the Municipal Waterworks in Cracow (average temperature of 17 °C, pH 7.7, dissolved oxygen of 10.5 mg l^−1^, water hardness of 127 mg CaCO~3~ l^−1^). In addition, the water was aerated and filtered. The experiment was preceded by a 4-month adaptation period when fish were fed a control diet (lead concentration of 0.1 mg kg^−1^dw). Exposure to lead began when fish were 9 months old, had an average body weight (b. wt) of 20 g, and body length of 10 cm. Fish were divided into five groups which were fed control pellets (control group) and pellets contaminated with different concentrations of lead (8, 13, 24, and 49 mg Pb kg^−1^) for two exposure periods of 12 and 24 months. Pellets of complete feed for Prussian carp were produced by the Institute of Ichthyobiology and Aquaculture of the Polish Academy of Sciences in Gołysz, using grains, oilseed, fish meal, vitamin, and mineral supplements as components. The feed was specified to contain 37 % crude protein, 12 % crude fat, and 31 % carbohydrates. Control and experimental pellets were prepared in the same way, but no Pb was added to the control feed. Lead acetate trihydrate (Pb CH~3~COO)~2~·3H~2~O; POCh S.A.) was added in proper proportions to standard ingredients before the pelletizing process during pellet production. Analysis of lead concentrations in pellet samples showed the following mean levels: control group---0.113 (±0.03) mg kg^−1^, group 2---8.07 (±0.11) mg kg^−1^, group 3---13.11 (±0.14) mg kg^−1^, group 4---23.71 (±0.18) mg kg^−1^, and group 5---48.62 (±0.24) mg kg^−1^ dw.

After 12 months of exposure, each experimental group was divided into two groups of fish, one of them were under the same treatment and the second (groups: 2-dep, 3-dep, 4-dep, and 5-dep) experienced a depuration period of 12 months and received the control feed until the end of the experiment. Throughout the study, fish were fed once daily a ration that amounted to 3 % of their body weight. Feed intake was recorded.

The mean body weight after the 12 months of exposure ranged from 27.1 ± 4 g of fish in group 3 exposed to 13 mg Pb kg^−1^ for 12 months to 40.4 g in the control group. After 24 months of the experiment, mean body weight ranged from 34 ± 7 g of fish in group 5-dep to 74 ± 20 g in group 2, where female fish were exposed to 8 mg Pb kg^−1^ (Table [1](#Tab1){ref-type="table"}).Table 1Body weight of female fish after 6, 12, and 24 months of the experiment and total fish mortalityGroups1 (control)22-dep33-dep44-dep55-depTotalMean body weight \[g\] of fish at the beginning of exposure19.1 ± 2a19.7 ± 2a20.1 ± 3a20.8 ± 2a19.9 ± 2a--Mean body weight \[g\] of fish after 6 months of exposure25.3a25.1a23.1a23a24.3a--Mean body weight \[g\] of fish after 12 months of exposure40.4 ± 6a36.2 ± 4a30.9 ± 4a27.1 ± 4a30.6 ± 6a--Mean body weight \[g\] of fish after 24 months of exposure51.2 ± 8ab74 ± 20a67 ± 11a44 ± 5ab65 ± 8a48 ± 12ab51 ± 19ab53 ± 13a34 ± 7b--Total mortality \[fish\]2101102119Different letters indicate statistically significant differences between groups

Tissue sampling {#Sec4}
---------------

At 3, 6, 12, 15, 18, and 24 months of the experiment, gonad samples were collected from 8 to 10 randomly harvested fish from each group. At 6, 12, and 24 months, the gonads were removed, weighed, and approximately 1-cm^2^ mid-ovarian samples were placed in Bouin's fixative (Humason [@CR23]) for 24 h for later histological analysis. The rest of the ovary was frozen until analysis of lead concentration. At 3, 15, and 18 months, ovary samples were taken only for Pb concentration analysis.

Histological analysis {#Sec5}
---------------------

Histological slides were prepared from paraffin blocks. Paraffin blocks were sectioned on a microtome at 8 μm, mounted on slides, and stained with hematoxylin and eosin (Zawistowski [@CR72]). The preparations were analyzed by observing the stage of gonad and oocyte maturity according to the scale defined by Rinchard and Kestemont ([@CR49]). In addition, percentage of oocytes at different stages of maturity and percentage distribution of oocytes according to size were studied. Oocyte size was determined with an accuracy of 1 μm, using an Ok.-15-KM micrometric eyepiece (PZO, Warsaw). The results were subjected to one-way analysis of variance (ANOVA), and the Mann--Whitney procedure was used to determine significant differences between the means for the control and experimental groups (8, 13, 24, and 49 mg/kg) as well as those in the experiment performed after 24 months of exposure (8, 13, 24, and 49 mg/kg; 8-dep, 13-dep, 24-dep, and 49-dep). The differences were considered significant at *p* ≤ 0.05. Spearman's correlation coefficients were calculated to observe relationship between oocyte diameter and Pb concentration in gonad's tissue.

GSI analysis {#Sec6}
------------

At 12 and 24 months of the experiment, the GSI was calculated during collection of gonads for histological analysis, using the formula \[gonad weight/body weight without viscera\] × 100. To observe the relationships between GSI and Pb concentration in gonad's tissue, Spearman's correlation coefficients were calculated.

LH analysis {#Sec7}
-----------

In order to determine the effect of exposure to different doses of lead, an experiment was performed after 12 and 24 months of exposure to investigate spontaneous LH levels as well as LH secretion following hormonal stimulation of the fish. Four days before the planned treatment, temperature in the aquaria was raised from 17 to 20 °C in order to simulate the conditions of the natural environment prior to the spawning. On the day of the treatment, blood was collected from ten fish of each group, after which intraperitoneal injections of salmon gonadotropin releasing hormone analog (sGnRHa) (10 μg aGnRH/0.5 ml/1 kg b.wt; Bachem Feinchemikalien AG, Switzerland) and blocker of [d]{.smallcaps}-2 dopamine receptors---pimozide (5 μg/0.5 ml/1 kg b.wt; Sigma-Aldrich, Germany) were performed to evaluate the influence of lead on LH secretion (5 μg/0.5 ml/1 kg b.wt). Blood samples (about 100 μl from each fish) were collected at 6, 12, and 24 h after the injection (Fig. [1](#Fig1){ref-type="fig"}) from the caudal vessels with a 1-ml heparinized syringe (0.4 × 13 mm needle), centrifuged (13,000×*g*, 3 min) in Eppendorf tubes, and the blood plasma was kept at −20 °C until ELISA determination of LH (Kah et al. [@CR27]). Prior to all the manipulations, fish were anesthetized with Propiscin (0.3 ml/l; IRS, Zabieniec, Poland). The standards, LH hormone and antibodies, were donated by Dr. Bernard Breton (INRA, France). The results of the analysis were expressed as mean ± standard error of the mean (SEM). The results were subjected to one-way ANOVA, and the Mann--Whitney procedure was used to determine significant differences between the means for the control and experimental groups (8, 13, 24, and 49 mg/kg) as well as those in the experiment performed after 24 months of exposure (8, 13, 24, and 48 mg/kg; 8-dep, 13-dep, 24-dep, and 49-dep). The differences were considered significant at *p* ≤ 0.05.Fig. 1Schematic representation of injections and blood collections in the experiment

To observe the relationships between LH secretion and Pb dose during exposure, Spearman's correlation coefficients were calculated.

Pb analysis {#Sec8}
-----------

Prior to determination, ovary tissues (5 g weight) were subjected to preliminary mineralization in the presence of 10 ml, a 3:1 *v*/*v* mixture of nitric acid (65 % HNO~3~) and perchloric acid (70 % HClO~4~) for about 20 h. The samples were then heated with a Velp 20/26 digester by gradually increasing the temperature to 180 °C for 6--7 h. The obtained clear liquid was diluted with deionized water to 10 ml and then assayed for concentration of lead using a Unicam 929 atomic absorption spectrometer (Agemian et al. [@CR1]). The concentrations were read from the standard curve generated, using the standards prepared based on atomic absorption standards made at the Office of Weights and Measures in Warsaw. Each sample was assayed in duplicate (the average values calculated from replicates were used in statistical analysis). Calibration was repeated every ten samples. The results were presented in milligrams of Pb per kilogram wet tissue weight (ww).

Minimum level of detection for lead was 0.001 mg kg^−1^.

The results were subjected to one-way analysis of variance, and significant differences were determined between the groups at each tissue collection as well as in each group between successive collections.

Spearman's correlation coefficients were calculated to examine the relationship between lead concentration in the ovary and dose of exposure.

Results {#Sec9}
=======

Histological analysis of the gonads {#Sec10}
-----------------------------------

### After 6 months of exposure {#Sec11}

No differences between the groups were observed in external gonad structure except for gonadal weight, which was always significantly higher in the control group.

The ovaries harvested for analysis after 6 months of exposure to different doses of lead were in the third stage of gonadal maturity (according to the scale developed for cyprinids by Rinchard and Kestemont ([@CR49])). Microscopic image shows oocytes of the protoplasmic growth period and oocytes at different stages of trophoplasmic growth. Compared to the ovary image, the number of oocytes undergoing trophoplasmic growth was observed to vary in different experimental groups, according to dose of exposure. In the control group, histological image showed an average of 14 % oocytes undergoing trophoplasmic growth, but most (58 %) oocytes were in protoplasmic growth stage. In the groups exposed to progressively higher doses of lead, the proportion of oocytes undergoing trophoplasmic growth was observed to increase according to the dose of lead. This proportion averaged 27 % in the group exposed to 8 mg Pb kg^−1^, 39 and 35 % in the groups exposed to 13 and 49 mg Pb kg^−1^, respectively, and was the highest (53 %) in the group exposed to 25 mg Pb kg^−1^ (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Comparison of percentages of oogonia and oocytes at different developmental stages between the groups of females (controls, 8, 13, 24, and 48 mg Pb kg^−1^ after 6 and 12 months of exposure and in females after 12 months of exposure and 12 months of depuration, groups 8-dep, 13-dep, 24-dep, and 48-dep) subjected to different lead exposure doses in successive years of the study: *A* oogonia, *B* oocytes in protoplasmic growth, *C* oocytes entering trophoplasmic growth, *D* oocytes in full trophoplasmic growth

Differences were also observed in the diameter of oocytes undergoing trophoplasmic growth. Mean diameter of oocytes in the control group and in the 8-mg/kg group were statistically significantly lower than in others (Table [2](#Tab2){ref-type="table"}). In the control group, most oocytes (as much as over 59 %) had a diameter smaller than 0.5 mm, 31 % of oocytes ranged from 0.51 to 0.75 mm in diameter, and only 9 % had a diameter of 0.76 to 1 mm. Larger oocytes were also found in the experimental groups, which is evidence that oocytes underwent more rapid trophoplasmic growth. In the 8-mg-Pb-kg^−1^ group, oocytes ranging between 0.51 and 0.75 mm formed the greatest proportion, but larger ones (up to 1.5 mm in diameter) were also present. The largest oocyte dimensions (up to 2 mm in diameter) were observed in the 13-mg-Pb-kg^−1^ group, and the greatest proportion (33 %) was made up by oocytes 0.76--1.0 mm in size. In the 49-mg-Pb-kg^−1^ group, there were no oocyte smaller than 0.76 mm (Fig. [3](#Fig3){ref-type="fig"}).Table 2Comparison of mean oocytes diameter after 6, 12, and 24 months and GSI values between experimental groups after 12 and 24 months of the study. Mann--Whitney test between each two groups and multiple comparisons Kruskal--Wallis test between all groups. Comparison of Spearman's correlation coefficients (*r*) for the relationship between the oocytes diameter or GSI value and Pb concentration in gonadsMonths of exposureControl81324498-dep13-dep24-dep49-depStatistic*r*Mean oocytes diameter60.5a0.7b1.2c1.1c1.1c--------*p* \< 0.0010.72\*\*\*120.8a1.0b0.8a0.8a0.8a--------ns−0.13240.8a0.8a0.8a0.9a0.9a0.8a0.8a0.8a0.9ans0.14GSI1211a6b7b6b8b--------*p* \< 0.001−0.58\*\*\*24141011131211101214ns−0.49\*\**p* \< 0.05; \*\*\**p* \< 0.001Fig. 3Comparison of percentages of oocytes in different diameter ranges between female groups (controls, 8, 13, 24, and 49 mg Pb kg^−1^) after 6 and 12 months of exposure, and in females after 12 months of exposure and 12 months of depuration (groups 8-dep, 13-dep, 24-dep, and 49-dep)

### After 12 months of exposure {#Sec12}

The samples of gonads collected after 12 months of exposure to different doses of lead showed the presence of oocytes in protoplasmic growth, oocytes in advanced stages of trophoplasmic growth, and mature oocytes with completed trophoplasmic growth, always with oogonia reserves. The ovaries were at maturity stage IV. The proportion of mature oocytes averaged 26 % in the control group and was higher in the 8-, 13-, 24-, and 49-mg-Pb-kg^−1^ experimental groups at 39, 34, 54, and 30 %, respectively (Fig. [2](#Fig2){ref-type="fig"}).

The percentage of oocytes of different size ranges was similar in the experimental and control groups. The majority of mature oocytes ranged from 0.51 to 0.75 mm in size. In the control group, the proportion of such cells was 59 %. Only in the 8-mg-Pb-kg^−1^ group has a greater proportion of oocytes with a diameter over 0.75 mm observed (Fig. [3](#Fig3){ref-type="fig"}). In this group, diameter of oocyte were statistically significantly higher than in others (Table [2](#Tab2){ref-type="table"}).

### After 24 months of exposure {#Sec13}

Gonads collected for analysis after 24 months of the experiment, both from fish under constant exposure to lead and those after a 12-month depuration period, were at maturity stage IV. They contained oocytes in protoplasmic and trophoplasmic growth, mature oocytes as well as oogonia reserves that formed 11--17 % of oocytes in the field of vision. The percentage of mature oocytes was similar across groups, ranging from 45 % in the control group to 58 % in the 49-mg-Pb-kg^−1^ group (Fig. [2](#Fig2){ref-type="fig"}). Slight, not significant statistically differences between the groups were noted when analyzing oocyte diameter. While in the control group, more than 50 % of oocytes were between 0.51 and 0.75 mm in size; in the other groups, the largest proportion of oocytes ranged from 0.76 to 1 mm in size (Fig. [3](#Fig3){ref-type="fig"}).

GSI {#Sec14}
---

The gonadosomatic index (gonad weight/body weight without viscera × 100) was calculated after 12 and 24 months of the experiment. The average GSI values are shown in Table [2](#Tab2){ref-type="table"}. GSI values of Pb treatment in groups of fish were statistically significantly lower than in control. No differences in GSI were observed between fish after 24 months of exposure to different doses of lead and females after a 12-month depuration period (Table [2](#Tab2){ref-type="table"}). Significant negative correlation between GSI values and Pb concentration in gonad's tissue was noted after a 12-month period (*r* = −0.58; *p* \< 0.001) and after a 24-month period (*r* = −0.49; *p* \< 0.05) (Table [2](#Tab2){ref-type="table"}).

LH concentration {#Sec15}
----------------

### After 12 months {#Sec16}

Statistical analysis of the results obtained for LH levels after 12 months of the experiment showed a significantly (*p* \< 0.05) lower concentration of spontaneously released LH in the 8-, 13-, and 49-mg-Pb-kg^−1^ groups compared to the control group as well as a significant (*p* \< 0.01) difference between the 8- and 49-mg-Pb-kg^−1^ groups. As regards hormonally-stimulated LH secretion, LH concentration at 24 h postinjection was significantly (*p* \< 0.01) higher in the 24- and 49-mg-Pb-kg^−1^ groups compared to the control group and the other groups (Fig. [4a](#Fig4){ref-type="fig"}) (Table [3](#Tab3){ref-type="table"}).Fig. 4Comparison of plasma LH concentrations in successive blood collections following the ovulation-stimulating injection after 12 (**a**) and 24 (**b**) months of female Prussian carp exposure to different doses of lead (groups 8, 13, 24, and 49 mg Pb kg^−1^) and in females after 12 months of exposure and 12 months of depuration (groups 8-dep, 13-dep, 24-dep, and 49-dep) (**b**). Concentrations significantly different to control (*p* \< 0.01) are marked with a *star*. No differences between groups after the 24-month exposure period as well as after the 12-month exposure and 12-month depuration periods. *Error bars* represent standard errorsTable 3Statistical analysis results for LH concentration between different Pb exposure groups after 12 and 24 months of the experiment (Mann--Whitney test between each two groups and multiple comparisons Kruskal--Wallis test between all groups). Comparison of Spearman's correlation coefficients (*r*) for the relationship of the level of spontaneous LH and after stimulating injection to dietary Pb level, after 12 and 24 months of the experimentAfter 12 months Pb exposureAfter 24 months Pb exposure and after 12 months exposure and 12 months depurationHours061224061224  ControlABaaaAans  8AbbaAaNo differences between groups after the 24-month exposure period as well as after the 12-month exposure and 12-month depuration period  13ABbbaABa  24ABababBb  49BcabbBbKruskal--Wallis test*p* \< 0.01ns*p* \< 0.05*p* \< 0.01ns  r0.130.100.35\*\*0.5\*\*\*0.110.030.140.10  r-dep--------0.20−0.21−0.18−0.02Uppercase letters signify *p* \< 0.01 and lowercase letters signify *p* \< 0.05\*\**p* \< 0.01; \*\*\**p* \< 0.001

Spearman's correlation coefficients were calculated to determine the relationships between LH secretion and Pb dose during exposure. Positive correlations of *r* = 0.35 and 0.50 (*p* \< 0.01) were noted 12 and 24 h after the stimulating injection (Table [3](#Tab3){ref-type="table"}).

### After 24 months {#Sec17}

After 24 months of exposure, lower spontaneous LH secretion was observed in the 8-mg-Pb-kg^−1^ group as well as higher LH secretion 12 and 24 h after the stimulating injection, but analysis of the results revealed no significant differences between the groups (Fig. [4b](#Fig4){ref-type="fig"}) (Table [3](#Tab3){ref-type="table"}).

After the 12-month exposure period and the subsequent 12-month depuration period, the level of both spontaneous and stimulated LH secretion was similar to that in the control group (Fig. [4b](#Fig4){ref-type="fig"}).

Pb concentration in ovaries {#Sec18}
---------------------------

The results of analysis of Pb concentration in ovarian tissue, which was collected from female Prussian carp six times during the 24 months of exposure to different doses of lead, are given in Fig. [5](#Fig5){ref-type="fig"}. A significant increase in Pb concentration was already noticed after 3 months of exposure relative to baseline values in all the experimental groups (Fig. [5](#Fig5){ref-type="fig"}), as confirmed by statistically significant coefficients of correlation (Table [4](#Tab4){ref-type="table"}). Pb concentration reached maximum levels after 6 and 12 months of exposure, decreased after 15 months of exposure, and again peaked from 18 months of exposure until the end of the study (Fig. [5](#Fig5){ref-type="fig"}). Pb accumulation during 12 months of exposure and the following 12-month depuration is presented in Fig. [6](#Fig6){ref-type="fig"}. It was observed that lead levels decreased after the spawning period 12 months after exposure (spawning triggered by an increase in water temperature), and no lead was accumulated in the next 12 months when fish received control feed. During the depuration phase, statistical analysis and Spearman's correlation coefficients were not significant (Table [4](#Tab4){ref-type="table"}).Fig. 5Comparison of Pb concentration in the ovarian tissue of female Prussian carp during 24 months of fish exposure to different dietary doses of this metal. *Capital letters* denote statistically significant differences (*p* \< 0.05) between the groups in different exposure months, while *small letters* indicate significant differences in the groups between successive months of exposure (Mann--Whitney test). *Error bars* represent standard errorsTable 4Spearman's correlation coefficients (*r*) for the relationship of Pb ovary concentration to lead dose during exposure in different groupsExposure periodDepuration period36121518243612*r*0.74\*\*\*0.62\*\*\*0.60\*\*\*0.280.66\*\*\*0.61\*\*\*0.480.170.01*p*ns0.00080.0001ns0.0050.007nsnsns*p* expresses the level of significant differences for gonadal lead concentration between female groups exposed to different metal doses in different periods of the experiment (multiple comparisons Kruskall--Wallis test)\*\*\**p* \< 0.001Fig. 6Comparison of Pb concentration in the ovarian tissue of female Prussian carp during 12 months of dietary exposure to lead and 12 months of depuration. No significant differences between the groups after 3, 6, and 12 months of depuration, and a significant decrease (*p* \< 0.01) (*star*) in concentration after 3-month depuration compared to the 12th month of accumulation was found in the 13-, 24-, and 49-mg Pb kg^−1^-dep groups (Mann--Whitney test). *Error bars* represent standard errors

Discussion {#Sec19}
==========

While long-term exposure of fish to low doses of pollutants may produce no apparent effects, it may have a considerable impact on reproductive organs by reducing the size of the next generation and later by making the population slowly disappear (Kime [@CR31]). Earlier studies by other authors reported pituitary damage, nuclear degeneration, or reduced hatching rates as a result of exposure to heavy metals (Fernicola et al. [@CR18]; Popek et al. [@CR44]).

This is one of the first long-term (24 month) studies to evaluate a range of environmentally relevant doses of dietary Pb to female Prussian carp. The study shows that over the first 12 months, there is a significant effect on oocytes maturation as well as a major effect on LH secretion, indicating that dietary Pb is an endocrine disruptor. However, a continuation in feeding to 24 months or a 12-month feed followed by a 12-month depuration showed that the female Prussian carp return to control conditions.

The present study showed 8--30 % higher proportions of oocytes in advanced stages of trophoplasmic growth in Prussian carp after 6 and 12 months of exposure to different doses of lead compared to the control (Fig. [2](#Fig2){ref-type="fig"}). Statistically significant differences were also observed in oocyte sizes, but Pb dose dependence was not noted. The lowest of used doses: 8 mg/kg was enough to significantly influence the egg's size (Table [2](#Tab2){ref-type="table"}). While after 6 months of the experiment, the proportion of oocytes with a diameter greater than 0.75 mm was less than 10 % in the control group; it was 40 % in the 8-mg/kg group and exceeded 90 % in the other groups exposed to even higher doses of lead. In our study, the largest oocytes (up to 2 mm) were observed after 6 months of exposure to 13 mg Pb kg^−1^ (Fig. [3](#Fig3){ref-type="fig"}). Although, it was the only observation of such large oocyte diameter in the present study. A similar maximum diameter of ovulated oocytes of 0.35--2.03 mm (1.06 mm) was obtained before spawning from Prussian carp of 23.5--36 cm total length (Leonardos et al. [@CR33]). One of the most important parameters used for determination of the reproductive potential is the variation of egg diameter in the ovary. Analyzing the relationship of oocyte diameter and Pb concentration in gonads, we can observe statistically significant correlation *r* = 0.72 (*p* \< 0.0001), indicating that with increase of Pb bioaccumulation, egg's size increase (Table [2](#Tab2){ref-type="table"}). This relation was noted only after the 6-month period of exposure.

After 12 months of exposure, larger oocytes were also observed in the groups exposed to lead, especially in the group exposed to the lowest dose of 8 mg Pb kg^−1^, where the proportion of oocytes with a diameter greater than 0.75 mm was 80 % compared to slightly over 40 % in the control group (Fig. [3](#Fig3){ref-type="fig"}). Egg's size in this group was statistically significantly higher than in all other groups (Table [2](#Tab2){ref-type="table"}). Different results during 12 days of exposure to lead were reported by Ruby et al. ([@CR53]), who observed larger egg diameters in control fish compared to female fish exposed to lead at a dose of 10 μg/L. The differences in the observed effects could be species-specific, or due to exposure method, because Ruby exposed trout to lead for a short time in water, whereas in our study, the exposure of female Prussian carp to lead was chronic.

The GSI provides a general indicator of normal ovarian growth and reproductive development. As noted before, higher proportion of oocytes in advanced stages of trophoplasmic growth was observed in Prussian carp after 6 and 12 months of exposure to different doses of lead compared to the control (Fig. [2](#Fig2){ref-type="fig"}). Nevertheless, GSI values calculated after 12 months of exposure were significantly lower in the experimental fish (Table [2](#Tab2){ref-type="table"}). This is supported by the findings of Ruby et al. ([@CR53]), who showed that when female rainbow trout were exposed during exogenous vitellogenesis, GSI in control fish was significantly lower than in fish after 12 days of exposure to 10 μg Pb/L. Opposite results obtained by Weber ([@CR67]) in reproductively mature fathead minnows maintained for 4 weeks in either 0.0 or 0.5 ppm Pb. Lead suppressed spermatocyte production and retarded ovarian development, although no lead-induced gonadosomatic index changes for either sex were noted.

Negative, very significant correlation of GSI and Pb concentration in gonads (*r* = −0,58; *p* \< 0.001) was observed after the 12-month period of exposure that clearly shows the impact of accumulated lead, although in this period, the relationship between Pb concentration and oocyte diameter was no longer observed (Table [2](#Tab2){ref-type="table"}).

After 24 months of exposure, no clear differences were found in oocyte maturity, oocyte diameter, or GSI values between the control and experimental groups, regardless of lead exposure dose (Fig. [2](#Fig2){ref-type="fig"}, Table [2](#Tab2){ref-type="table"}). Neither were any differences observed between the percentage of oocytes of different sizes in the groups of fish exposed to 12-month depuration following 12 months of exposure (Fig. [3](#Fig3){ref-type="fig"}). The negative relationship between GSI and Pb concentration was noted after the 24-month period of exposure but less significant statistically (Table [2](#Tab2){ref-type="table"}). Fish tissues and body fluids contain naturally occurring proteins or glycoproteins of non-immunoglobulin (Ig) nature that react with a diverse array of environmental antigens and may confer an undefined degree of natural immunity to fish. They consist of microbial growth inhibitory compounds that include "acute phase" proteins such as transferrins, ceruloplasmin, and metallothionein. Their action is simply to chelate metal ions and deprive bacteria and other parasites of essential inorganic ion sources (Alexander and Ingram [@CR2]). Younger fish exhibit significantly lower antibody levels indicating that juvenile fish may not be able to mount an effective immune response as young adult fish (Hrubec et al. [@CR22]). It may be that older fish, which completed maturation and have developed their defense mechanisms, cope better with the negative effects of environmental lead. Maybe the release of oocytes purge the fish of Pb and then as they mature for the second year, they do not accumulate, thus only 1 year of offspring may be effected.

One of the main causes of Pb-related reproductive toxicity stems from the way this metal affects the endocrine system. In fact, there are numerous studies concerning the relationship between Pb exposure and physiological activity of hormones. The results of some studies suggest that the body's response to exposure to low doses of lead involves other mechanisms than the effects of higher doses (Iavicoli et al. [@CR25]). Such biphasic responses have also been observed for estrogen and glucocorticoid receptor to arsenic (Bodwell et al. [@CR6]; Davey et al. [@CR13]). Junaid et al. ([@CR26]) investigated the ovarian toxicity of Pb in Swiss Albino female mice which were given Pb acetate for 60 days in three doses of either 2, 4, or 8 mg kg^−1^ day^−1^. Data showed that Pb affects follicular development and maturation at sufficiently high concentrations of 4 and 8 mg kg^−1^ day^−1^. In particular, small and medium follicles were significantly affected even at the dose of 2 mg, while large follicles were affected mostly at the highest dose of 8 mg. In our study, we also observed varying body response to exposure to different doses of lead. After 12 months of exposure to the lowest of the experimental doses (8 mg/kg), spontaneous LH secretion was significantly lower than the control and other experimental groups. Meanwhile, in response to hormonal stimulation (LHRH-A + pimozide), a different reaction in the form of a prolonged period of elevated LH level was noted in the 24- and 49-mg/kg groups (Fig. [4a](#Fig4){ref-type="fig"}). This suggests that the body's response to lower exposure doses was governed by a different mechanism than in the case of higher exposure doses.

Changes in hormone secretion were also observed in a study in which lead acetate at a concentration of 12 mg/ml was administered with drinking water to pregnant and lactating female rats. Reduced fertility in the next generation and decreased secretion of some hormones, such as insulin-like growth factor (IGF-1), LH, and estradiol, were demonstrated (Dearth et al. [@CR14]). Also young rats whose mothers were given lead (0.05, 0.15, or 0.45 % *w*/*v*) during pregnancy and were themselves exposed to the same doses after weaning, showed a dose-dependent decrease in testosterone and LH secretion and an increase in the pituitary LH content (males) as well as suppressed plasma estradiol concentrations during maturation (females) (Ronis et al. [@CR51]).

In mammals, there is significant evidence that the release of neurotransmitters including both norepinephrine and dopamine is altered following exposure to lead (Silbergeld [@CR54]). The mechanisms of Pb neurotoxicity in fish have received far less consideration. However, from the limited number of studies available, it would seem that the effects are consistent with those observed in mammals (Mager [@CR36]). Katti and Sathyanesan ([@CR28]) reported degenerative changes in both the nucleus preopticus (NPO) of the anterior neurohypophysis and nucleus lateralis tuberis (NLT) in the teleost *Clarias batrachus* following exposure to 5 ppm of lead nitrate for 150 days. The NLT and probably part of NPO are involved in the regulation of gonadotrophic secretion by the pituitary in fishes (Peter [@CR41], [@CR42]; Ball [@CR4]). Lead has been found to affect various neurotransmitter systems in fish, including serotonergic (Spieler et al. [@CR58]; Rademacher et al. [@CR46]; Sloman et al. [@CR55]), dopaminergic (Spieler et al. [@CR58]; Rademacher et al. [@CR45]), and noradrenergic (Spieler et al. [@CR58]) pathways. The release of gonadotropins in teleosts is regulated in part by dopamine, which has been identified as the gonadotropin release-inhibiting factor in fish (Chang and Peter [@CR9]; Chang et al. [@CR10]), but it has not been shown to act in all teleosts. Popek et al. ([@CR44]) suggested that Pb reduces secretion of the stimulating hormone and increases the secretion of the inhibiting hormone involved in the regulation of the gonadotropic activity of the pituitary of carp females.

Lead can have an impact not only directly on LH secretion from the pituitary but also at lower levels of reproductive control because this metal negatively affects not only LH receptors in the ovary but also estradiol receptors in the body (Wiebe and Barr [@CR68]; Wiebe et al. [@CR69]). Ronis et al. ([@CR50]) suggested that Pb influences the hypothalamic--pituitary--gonadal axis at multiple action sites, while in in vitro experiments, Thomas ([@CR64]) showed no effect of Pb on steroidogenesis, although Pb reduced E2 levels in Atlantic croaker in vivo (Thomas [@CR65]). Similarly contradictory results of Pb effect on steroid levels were also reported in adult male rats being unchanged (Nathan et al. [@CR38]; Pinon-Lataillade et al. [@CR43]) or decreased (Sokol and Berman [@CR57]). These varied results indicate that Pb and other metals have multiple foci of action depending on the environment and nature of the insults. Lead elicited biphasic effects on estradiol-17β, testosterone, and cortisol: stimulatory at lower concentrations and inhibitory at higher concentrations. The observation of such effects led the authors to make an unusual conclusion that in trace amounts, Pb may be beneficial (Chaube et al. [@CR11]). The physiological significance of the stimulatory response of the low concentrations of Pb on the steroid levels is not clear. It may be that Pb like other essential metals (Cu, Zn, Mn, etc.) at very low concentrations may be beneficial, if not essential for fish metabolism (Patra et al. [@CR40]; Sprocati et al. [@CR59]). But it seems very doubtful because of the lack of any evidences for the physiological role of Pb.

In the experiment replicated after 24 months of female Prussian carp exposure to different doses of lead, similar relationships were observed in the form of lower level of spontaneous LH secretion and prolonged period of higher LH level following hormonal stimulation (Fig. [4b](#Fig4){ref-type="fig"}), but the differences were not significant (Table [3](#Tab3){ref-type="table"}). Older, mature fish better coped with the exposure to lead, which did not produce such clear effects as those observed after 12 months of exposure to the same doses. It is also possible that the constant exposure to the action of the same toxicant caused the development of defense mechanisms in fish, which coped with its excess. Considering that some of the major effects of Pb toxicity are attributed to ionoregulatory and hematological alterations, several lines of evidence seem to indicate that fish are able to acclimate, at least to some extent, to Pb during chronic exposures (Mager [@CR36]).

The lead was accumulated in the ovary from the beginning of the exposure because already after 3 months, the level of Pb was observed to increase significantly in all the groups, even in that with the lowest exposure dose of 8-mg-Pb-kg^−1^ feed (Fig. [5](#Fig5){ref-type="fig"}). An important conclusion arises that food contamination even at a level of Pb as low as 8 mg/kg is not without an impact on the gonads, which intensively accumulate it. The level of lead accumulation in the ovary after 6 months of exposure did not change significantly compared to 12, 18, and 24 months, when the highest levels of lead were observed (Fig. [5](#Fig5){ref-type="fig"}), which suggests that after 6 months the analyzed tissue became saturated with lead; the concentration of which remained unchanged despite continued exposure. The steady state of Pb may reflect equilibrium between uptake and extrusion. The tissue reached a certain kind of homeostasis by not increasing Pb accumulation in the ovary while not inhibiting the ongoing oocyte maturation processes. The decrease in lead concentration in the ovary, observed at 15 months of exposure, could be due to the release of oocytes during the spawning period, which took place at 12 months of the experiment. After spawning, the ovaries replenished the lost lead and by 18 months (6 months after the spawning period), the gonads again had the maximum observed concentration of the metal, which persisted until the end of exposure (Fig. [5](#Fig5){ref-type="fig"}).

A clear depuration of gonads in females from the 8-dep, 13-dep, 24-dep, and 49-dep groups was already observed at 3 months after termination of exposure, when lead levels in the experimental groups equaled those in the control group (Fig. [6](#Fig6){ref-type="fig"}). The slight fluctuations in its concentration in the 49-dep group, observed during the depuration phase, could result from the increased release of previously accumulated lead from other tissues into the blood, from where it could be secondarily accumulated in the depurated tissues (Łuszczek-Trojnar et al. [@CR35]).

When analyzing the change in lead concentration in the ovaries from the control group, a significant increase in Pb level was noted at 18 and 24 months of the experiment. This was probably the consequence of long-term accumulation of the small amounts of lead (0.1 mg Pb kg^−1^) found in the control feed, which after 18 months of exposure caused Pb level to increase from 0.06 to 0.19 μg g^−1^ of tissue (Fig. [5](#Fig5){ref-type="fig"}). This effect confirms that the ovarian tissue is sensitive to lead accumulation even with very low levels of environmental contamination.

Conclusions {#Sec20}
===========

Chronic exposure to lead is not without an influence on the reproductive system of female Prussian carp. The negative effect is manifested by a decrease in GSI value after 12 months despite the fact that after 6 months, and even more noticeably after 12 months, a higher proportion of oocytes at more advanced stages of maturity is observed.

After 12 months of exposure, the effect on LH secretion varied according to the dose. In the group exposed to the lowest dose (8 mg/kg), LH decreased spontaneously, and in the groups exposed to the highest two doses (24 and 49 mg/kg), a significantly higher, LHRH-A-stimulated LH secretion was observed. This supports the conclusions of other authors that the body's response to lower exposure doses may be governed by a different mechanism compared to higher doses.

After 24 months of lead exposure, the effects on oocyte maturation and size and on the GSI values were not so pronounced. Analysis of the effect of lead exposure on LH secretion showed that the relationships were similar to those observed after 12 months but nonsignificant.

After 12 months of exposure and 12 months of depuration, the levels of spontaneous and stimulated LH secretion observed in all the groups were similar to the control, which is evident that the depuration eliminates the previously observed effects of exposure to lead.

Lead is easily accumulated in the ovary reaching, depending on exposure, a fivefold higher level (0.8 mg/kg of tissue) compared to the control (0.15 mg/kg of tissue), but after discontinuation of exposure, this organ is quickly depurated.

The present results indicate that environmental Pb can be a potent endocrine disruptor, affecting ovarian steroidogenesis, gametogenesis, and ovulation, which may lead to adverse impact on fish reproduction and population density and that female Prussian carp become resistant to the negative effects of lead with advancing age, and their organisms cope by reaching a state of homeostasis.
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